Dynamic nuclear polarization (DNP) is a technique that allows the low sensitivity of magnetic resonance spectroscopy to be overcome by inducing high nuclear polarization of ^13^C substrates at low temperatures in the solid state [@b1]. Using a rapid dissolution process, this high polarization can be briefly maintained in the liquid state at room temperature [@b2],[@b3], which has important implications for the study of metabolism as key metabolic substrates can be polarized [@b4]--[@b8]. Following injection of hyperpolarized substrates, direct metabolic information can be obtained both in vivo and ex vivo [@b9]--[@b16]. The enzymatic conversion of hyperpolarized substrates can be observed, as can kinetic parameters of such conversions [@b17],[@b18].

To date, studies using dynamic nuclear polarization to define metabolic pathways have focused extensively on pyruvate, which allows assessment of carbohydrate metabolism [@b7],[@b8]. Pyruvate has also been used indirectly as a measure of fatty acid oxidation by looking at the reduction in pyruvate dehydrogenase (PDH) flux seen when fatty acids are supplied [@b13]. Some research has been directed toward alternative substrates to reveal other aspects of metabolism including amino acid metabolism, tricarboxylic acid (TCA) cycle reactions, and intracellular redox potential [@b4]--[@b6],[@b19],[@b20]. Hyperpolarized acetate has also been used as a marker of fatty acid metabolism, via its conversion to acetylcarnitine [@b21], however, it bypasses the β-oxidation pathway and lacks the ability to reveal information on ketone body metabolism due to its short carbon chain length.

Butyrate, a four-carbon fatty acid, has the potential to enable assessment of short chain fatty acid (SCFA) metabolism, as its low molecular weight and carboxyl carbon should ensure suitable polarization properties (i.e., high nuclear polarization and long *T*~1~ relaxation time) [@b15]. In human metabolism, along with acetate and propionate, butyrate is produced in the gut as a result of digestion of insoluble plant matter (e.g., cellulose) by intestinal microflora [@b22]. Butyrate is the primary fuel of choice for colonocytes [@b23] and a large body of research is focused on attenuating and preventing colon cancer [@b24],[@b25]. Butyrate is taken up into cells via the monocarboxylate transporter enzyme [@b26], where previous ^13^C and radiolabeled studies have shown that it is metabolized to the ketone bodies, acetoacetyl-CoA, and β-hydroxybutryl-CoA [@b27],[@b28] ([Fig. 1](#fig01){ref-type="fig"}). These can either be metabolized further, via acetyl-CoA in the TCA cycle, or be exported to muscle tissue. In situations in which the diet is particularly high in fiber, and therefore insoluble plant matter, small concentrations of butyrate can be found in the blood stream [@b29], where it can be metabolized by muscle tissues, such as the heart.

![Expected metabolic pathway for butyrate in the heart. The injected \[1-^13^C\]butyrate should be converted into β-hydroxybutyryl-CoA and acetoacetyl-CoA before subsequent conversion into either the ketone bodies (acetoacetate and β-hydroxybutyrate) or acetyl-CoA (for entry into the TCA cycle).](mrm0071-1663-f1){#fig01}

In diabetes, there is an increase in the production of ketone bodies due to upregulation of the ketogenic enzymes, which catalyze the steps leading to the formation of acetoacetate and β-hydroxybutyrate [@b30]. Using hyperpolarized butyrate it may be possible to investigate aspects of ketone body metabolism and to determine the extent to which enzymes relevant to the production and use of ketone bodies are altered in diabetes. In addition, changes in SCFA metabolism could also be observed using the metabolic pathway steps upstream of ketone body synthesis.

The aim of this study was to characterize the properties of butyrate as a metabolic substrate and to assess its suitability in hyperpolarization experiments, both ex vivo and in vivo. The heart was chosen as the target organ to ascertain the potential of butyrate as a hyperpolarized substrate because cardiac muscle is capable of using a wide range of metabolic substrates [@b31], has a high metabolic demand and, under normal conditions, uses mostly fatty acids [@b32],[@b33]. It should therefore metabolize butyrate rapidly whilst sustaining normal cardiac function.

METHODS
=======

All chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK) and used as supplied unless stated.

Butyric Acid Preparation
------------------------

To 21.9 mg \[1-^13^C\]butyric acid was added 0.44 mg OX063 (Oxford Instruments, Abingdon, UK), followed by 4 µL dimethyl sulfoxide, and 3 µL of a 1:50 dilution of Dotarem (Guerbet, France) made up with double distilled water. The mixture was then vortexed briefly. This was loaded directly into a sample cup, and polarized using either a HyperSense hyperpolarizer (Oxford Instruments, Abingdon, UK) for ex vivo work or a previously described prototype polarizer (GE Healthcare, Amersham, UK) for in vivo work [@b2]. Polarization was performed for approximately 1 h, at a magnetic field strength of 3.35 T and a microwave power level of 100 mW. Dissolution was carried out using 6 mL of buffer containing NaOH (40 mM), ethylenediaminetetraacetic acid (0.3 mM), and Trizma base (40 mM), to yield a solution with a pH of 7.4 and a sodium butyrate concentration of ∼40 mM.

Polarization and *T*~1~ Measurement
-----------------------------------

A dual tuned ^13^C/^1^H probe (M2M Imaging, Cleveland, OH) was used in combination with a vertical bore 11.7 T magnet (Magnex Scientific, Oxford, UK) and a Bruker console (Bruker Biospin GmbH, Ettlingen, Germany) running Paravision 2.1.1 and XWinNMR 2.6. Once butyrate polarization and dissolution was complete, 2 mL of the hyperpolarized liquid was withdrawn and injected into a 20-mm test tube (*n* = 3), previously placed in the ^13^C/^1^H probe, and a ^13^C pulse-acquire sequence initiated \[averages = 1, 4096 pts, sweep width (SW) = 180.693 ppm, repetition time (TR) = 1 s with 20 acquisitions at each of the following pulse lengths: 25, 50, and 75 µs\]. The signal amplitudes in the acquired spectra were fitted in the time domain using the AMARES algorithm in the jMRUI software package [@b34],[@b35]. The *T*~1~ was calculated by fitting the measured signal decay to an exponential decay curve, using the variable pulse lengths to fit and correct for the effects of radio frequency (RF) excitation. The liquid state nuclear polarization was measured by comparison of the amplitude of the first point of the *T*~1~ decay curve with a subsequently acquired thermal polarization acquisition \[TR = 300 s, averages = 24, flip angle (FA) = 90°\].

Isolated Heart Perfusion
------------------------

Male Wistar rats (BW ∼300 g, Harlan, UK) were anaesthetized with 140 mg kg^−1^ pentabarbitone. The hearts were then excised and briefly washed in ice-cold Krebs Henseleit (KH) buffer, followed by dissection to reveal the aorta. The aorta was cannulated, tied off with 3/0 suture (Pearsalls, UK), and the heart perfused in the Langendorff mode [@b36] at 85 mmHg pressure, using KH buffer at a temperature of 37°C and oxygenated with 95%O~2~/5%CO~2~ gas [@b37]--[@b40].

A polyethylene tube was inserted into the left ventricle and through the apex of the heart, in order to drain Thebesian flow. A polypropylene balloon connected to a pressure transducer and a PowerLab system (AD Instruments, Abingdon, UK) was then inserted into the left ventricle to monitor contractile function. The heart was then placed inside a 20 mm NMR test tube, and the tube inserted into the bore of the 11.7 T magnet described above.

Assessment of Butyrate Metabolism in the Perfused Heart
-------------------------------------------------------

Hearts from male Wistar rats (*n* = 5) were initially perfused with KH buffer containing butyrate (4 mM) and glucose (10 mM). A hyperpolarized \[1-^13^C\]butyrate dissolution was carried out and the hyperpolarized butyrate added to a chamber containing oxygenated KH buffer containing only glucose. This generated a KH buffer that matched the buffer initially supplied to the perfused heart (i.e., 10 mM glucose, 4 mM butyrate). The supply to the perfused heart was subsequently switched to the hyperpolarized butyrate solution and a ^13^C pulse-acquire experiment immediately started (TR = 1 s, FA = 30°, SW = 180 ppm, 4096 pts). A fully relaxed ^31^P scan (TR = 15 s, FA = 90°, averages = 40, SW = 49.39 ppm, 2048 pts), followed by a series of rapid ^31^P scans (TR = 0.25 s, FA = 30°, averages = 120, SW = 49.39 ppm, 2048 pts, 100 measurements) were then performed. Twenty minutes into this series of rapid scans, the buffer was changed to one containing KH with 4 mM butyrate and either 0.0, 2.5, or 10 mM glucose. A second hyperpolarized \[1-^13^C\]butyrate dissolution and acquisition was then carried out, followed finally by another fully relaxed ^31^P acquisition.

Effect of Butyrate on Carbohydrate Metabolism
---------------------------------------------

The effect of butyrate on carbohydrate metabolism was also assessed using hyperpolarized \[1-^13^C\]pyruvate [@b8]. The hearts (*n* = 5) were initially perfused with KH containing 2.5 mM pyruvate alone. A hyperpolarized \[1-^13^C\]pyruvate dissolution was carried out as previously described [@b16], followed by a fully relaxed ^31^P scan, and a series of rapid ^31^P scans (as described above). The buffer was then changed to KH with 2.5 mM pyruvate and 4 mM butyrate, and the scans repeated. This was followed by a final buffer change to KH containing 4 mM butyrate alone, and a final \[1-^13^C\]pyruvate dissolution performed.

In Vivo Assessment of Butyrate Metabolism
-----------------------------------------

A sample of \[1-^13^C\]butyric acid was inserted into the prototype polarizer and hyperpolarized for 1 h. Male Wistar rats (*n* = 6, BW ∼300 g) were kept in a 12-h light/dark cycle, and were fasted from 17:00 h the evening prior to scanning, thus inducing a fasted metabolic state. The same animals were then scanned a minimum of 48 h later, with no fasting, to generate a fed metabolic state. Male Wistar rats were anaesthetized with 2% isoflurane in oxygen, followed by insertion of a tail vein catheter. They were then placed into a home built cradle, and were heated to ensure a core body temperature of 37°C [@b41],[@b42]. Electrocardiogram (ECG) leads were attached and a respiration loop fitted, with continuous monitoring of heart and respiration rate for the duration of the experiment [@b43]. The rats were placed such that their chest was located directly over a small home built 20 mm diameter ^13^C RF butterfly surface coil [@b44]. The cradle, holding the anaesthetized rat, was placed into the bore of a 7 T horizontal scanner, connected to a Varian DirectDrive console (Oxford, UK). Localization of the heart was confirmed by acquisition of a proton axial image \[echo time (TE) = 1.17 ms, TR = 2.33 ms, matrix size = 64 × 64, field of view (FOV) = 60 mm × 60mm, slice thickness = 2.5 mm, FA = 15°\], and shimming was performed to reduce the proton linewidth to \< 200 Hz [@b45]. Immediately prior to the injection of the hyperpolarized sample into the rat, an ECG-gated ^13^C pulse-acquire sequence (TR = 1 s, FA = 5°, SW = 6000 Hz, 2048 pts, 60 measurements) was started, and 1 mL of hyperpolarized \[1-^13^C\]sodium butyrate solution was injected for 10 s into the rat, via the tail vein catheter. The remaining hyperpolarized solution was injected into a homebuilt polarimeter to measure polarization.

^13^C Data Analysis
-------------------

All acquired ^13^C data were summed over 30 spectra from the first spectrum in which hyperpolarized \[1-^13^C\]butyrate could be clearly observed. Summed spectra were fitted using the AMARES algorithm in the jMRUI software package [@b34],[@b35] and the fitted metabolite amplitudes were subsequently normalized to the \[1-^13^C\]butyrate amplitude [@b46].

NMR Peak Assignment
-------------------

A male Wistar rat heart was perfused in the Langendorff mode under constant flow (15 mL min^−1^) with KH buffer containing 4 mM sodium butyrate, at 37°C gassed with 95%O~2~/5%CO~2~. After a 10-min equilibration period, the buffer was switched to KH buffer containing 4 mM \[1-^13^C\]sodium butyrate and recirculated for 50 min. The heart was then freeze clamped directly on the cannula, and stored at −80°C until needed. Metabolite isolation was performed using a methanol:chloroform extraction described previously [@b47], using 500 mg of tissue. The extract was reconstituted in 400 µL deuterated phosphate buffer at pH 7.4, before being transferred to a 5 mm NMR tube for analysis. A Bruker AVANCE DPX 300 MHz system was used for all scans, which were run as follows: ^1^H acquisition (FA = 30°, SW = 4789.27 Hz, averages = 16, 16,834 pts), ^13^C acquisition (FA = 30°, SW = 17,985.61 Hz, averages = 9500, 32,768 pts, WALTZ16 decoupling), 2D heteronuclear multiple-bond correlation spectroscopy acquisition for ^1^H/^13^C (SW = 2625.84 Hz/16,762.14 Hz, averages = 256, 2048 pts/1024 pts). Data were processed using ACD/NMR 12.0 (ACD Labs, Toronto, Canada).

Statistical Methods
-------------------

All data are given as mean ± standard error. Statistical significances between groups were assessed using analysis of variance followed by a paired Student's *t*-test. Statistical significance was considered at *P* \< 0.05.

RESULTS
=======

Hyperpolarization of \[1-^13^C\]butyric acid provided a liquid state polarization of 7 ± 2%. The *T*~1~ was measured to be 20 ± 1 s. Hyperpolarized butyrate was formulated so that a high concentration of the substrate (∼40 mM) was produced upon dissolution for physiological studies.

Spectra from rat hearts perfused with hyperpolarized butyrate had a series of peaks ([Fig. 2](#fig02){ref-type="fig"}), which were identified using the high-resolution 2D-NMR data and with reference to literature [@b7]. The spectra demonstrated multistep metabolism, revealing the ketone bodies, acetoacetate, and β-hydroxybutyrate, as well as the TCA cycle related intermediates, citrate, glutamate, and acetylcarnitine.

![Hyperpolarized \[1-^13^C\]butyrate metabolism in the perfused heart. The peaks shown are (1) butyrate (184 ppm), (2) glutamate (181.16 ppm), (3) β-hydroxybutyrate (180.1 ppm), (4) citrate (178.43 ppm), (5) unknown (175 ppm), (6) acetoacetate (174.6 ppm), and (7) acetylcarnitine (172.6 ppm).](mrm0071-1663-f2){#fig02}

The metabolism of hyperpolarized \[1-^13^C\]butyrate was then determined when co-infused with different concentrations of glucose. No significant differences were observed between any of the metabolites at any of the glucose concentrations investigated ([Fig. 3](#fig03){ref-type="fig"}a) indicating that the glucose concentration did not alter the metabolism of hyperpolarized butyrate. In addition, no significant differences in heart rate, contractile function, or high-energy phosphorus metabolites, as measured by ^31^P spectroscopy, were seen at any of the glucose concentrations studied.

![a: The variation in \[1-^13^C\]butyrate metabolism with differing glucose concentrations (0, 2.5, and 10 mM). b: The change in PDH flux as measured by hyperpolarized \[1-^13^C\]pyruvate, when using Krebs Henseleit (KH) buffer with different combinations of 2.5 mM pyruvate (PA) and 4 mM butyrate (BA). \*Denotes *P* \< 0.05.](mrm0071-1663-f3){#fig03}

The effect of butyrate on carbohydrate metabolism was subsequently studied. PDH flux (the sum of bicarbonate and CO~2~ signals) was assessed using hyperpolarized \[1-^13^C\]pyruvate. Compared to perfusion with pyruvate alone, butyrate significantly decreased PDH flux (*P*\* \< 0.05), both when the heart was supplied with a combination of butyrate and pyruvate and when supplied with butyrate alone ([Fig. 3](#fig03){ref-type="fig"}b).

The spectra acquired in vivo ([Fig. 4](#fig04){ref-type="fig"}) revealed a series of peaks, similar to those seen in the isolated perfused heart. However, the linewidths were significantly broader owing to cardiac and respiratory motion. No differences were seen between the observed metabolites in either the fed or the fasted state ([Fig. 5](#fig05){ref-type="fig"}) with respect to \[1-^13^C\]butyrate metabolism.

![Hyperpolarized \[1-^13^C\]butyrate metabolism in vivo. The peaks shown are butyrate (184 ppm), glutamate (181.16 ppm), citrate (178.43 ppm), acetoacetate (174.6 ppm), and acetylcarnitine (172.6 ppm).](mrm0071-1663-f4){#fig04}

![In vivo metabolism of hyperpolarized \[1-^13^C\]butyrate revealed no significant differences between the fed and the fasted states.](mrm0071-1663-f5){#fig05}

DISCUSSION
==========

In this work, it has been demonstrated that the sensitivity enhancement achieved through the use of hyperpolarized \[1-^13^C\]butyrate in both the perfused and in vivo rat heart was sufficient to obtain high quality spectra. The acquired spectra revealed conversion of the butyrate into multiple downstream metabolites, with sufficient spectral quality to enable quantification of the summed spectra. The exception to this was in vivo β-hydroxybutyrate, which on occasion had too low an signal to noise ratio to be reliably quantified.

The measured physical characteristics of butyrate suggested that it would make a suitable dynamic nuclear polarization substrate for metabolic work. The polarization of \[1-^13^C\]butyrate (7%) was lower than that of \[1-^13^C\]pyruvate (20--40%) [@b7],[@b8], but was similar to that of other recently reported hyperpolarized substrates, such as bicarbonate (16%), dehydroascorbic acid (5.9--8.2%), and glucose (4.2%) [@b4],[@b19],[@b20],[@b48]. Hyperpolarized \[1-^13^C\]butyrate possessed a sufficiently high *T*~1~ (20 s) to allow observation of metabolism over a prolonged period of time (\>60 s), which was again similar to other recently reported hyperpolarized substrates such as bicarbonate (10.1 s), dehydroascorbic acid (20.5 s), and glucose (∼10 s) [@b4],[@b19],[@b20],[@b48].

A key feature of the use of \[1-^13^C\]butyrate as a metabolic substrate was the ability to view multistep metabolism, which allowed more information to be extracted from a single experiment (i.e., assessment of SCFA and ketone body metabolism). This feature is particularly important in the perfused heart, where hearts remain stable for relatively short periods (∼2 h). In terms of in vivo work, the aim should always be to minimize the number of experiments carried out per animal and maximize the information obtained; and in both cases, a substrate that can reveal multistep/multi-pathway metabolism fulfils these criteria.

The data exploring the alteration in PDH flux when the perfused heart was supplied with butyrate in addition to pyruvate showed changes consistent with those described by Randle and coworkers [@b49], in that there was significant substrate competition between the carbohydrate, pyruvate, and the fatty acid, butyrate. This alteration will have been mediated via an increase in acetyl-CoA and NADH production from fatty acid oxidation, which inhibits the PDH enzyme, and therefore pyruvate metabolism. Functional data and ^31^P spectroscopy did not reveal any significant effects caused by the supply of 4 mM butyrate, indicating that the perfused heart can maintain adequate function and energetics when solely supplied with butyrate as a fuel source.

In comparison, the reverse experiment looking at the metabolism of \[1-^13^C\]butyrate with varying concentrations of glucose did not reveal any significant metabolic changes. This finding is in agreement with the work of Merritt et al. and Moreno et al., who also showed that the metabolism of glucose (and pyruvate) in the perfused heart could be strongly inhibited by the supply of high concentrations of fatty acids [@b13],[@b50]. A similar inhibition may also explain the findings in the in vivo experiments on fed and fasted states. It is possible that the high concentration of \[1-^13^C\]butyrate used in these experiments (1 mL of 40 mM sodium \[1-^13^C\]butyrate) may have offered a saturating concentration of fatty acid. The lack of any metabolic alteration between the fed and fasted states may also be related to the fact that the metabolism of short-chain fatty acids lies outside of the normal regulatory mechanisms of fatty acid oxidation [@b51]. Oxidation of long-chain fatty acids is controlled at the point of mitochondrial uptake, via inhibition of carnitine palmitoyltransferase I by malonyl-CoA, whereas SCFAs do not require this mitochondrial transport mechanism and are therefore not regulated in the same way [@b40].

However, in pathological conditions, such as diabetes, where fatty acid and ketone body metabolism are significantly altered, the use of hyperpolarized \[1-^13^C\]butyrate may provide a unique substrate with which to investigate in vivo changes in metabolism and potentially their response to novel therapies. In addition, owing to the importance of butyrate as a fuel for colonocytes, hyperpolarized \[1-^13^C\]butyrate may also reveal early metabolic disturbances of the colon, perhaps in advance of the development of cancers.

CONCLUSIONS
===========

This study has shown that \[1-^13^C\]butyrate can be polarized to a level (7%) sufficient to allow use in both perfused heart and in in vivo metabolic experiments. The *T*~1~ (20 s), the rapid uptake and the multistep metabolism make it a suitable substrate to yield information on the metabolism of both SCFAs and ketone bodies. PDH flux data also confirms the expected behavior of adding a SCFA to the cardiac substrate supply. The in vivo hyperpolarized \[1-^13^C\]butyrate data, as well as demonstrating no negative effects following injection of \[1-^13^C\]butyrate, confirmed the feasibility of using this substrate routinely in vivo.
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